Although aqueous buffers alone cannot be expected to fulfill all the requirements of biorelevant media, buffers will likely continue to play a central role in controlling the pH of complex formulations simulating biological fluids (3, 9) . The use of biorelevant dissolution media to forecast in vivo drug performance has been reviewed (9). This minireview focuses on the physicochemical factors related to buffers used in these media and not the biorelevant dissolution media, per se. This mini-review is based on a survey of the literature associated with buffers in general 
INTRODUCTION
T he pH of buffered dissolution media is a singularly important parameter for dissolution testing because pH influences drug solubility and dissolution rate (1) . Additionally, lack of pH control negatively influences the reproducibility of the results (2) . The history of dissolution media over the past 20 years has been the subject of a recent review (2) , which concluded that "dissolution testing has been and will continue to be the paradigm in which the ability of the product to release the drug under physiologically relevant conditions is increasingly emphasized." Marques et al. (3) support this conclusion in their review of simulated biological fluids that have application for in vitro dissolution testing.
Buffers have maintained a central role in the evolution of dissolution media. Standardized buffers, exemplified by those in the USP (4) , are commonly used as in vitro dissolution media. These buffers are chemically defined, cover a useful pH range, and have known ionic strength and buffer capacity. The bicarbonate buffer system has been studied as a physiologically relevant medium (5) , and a recent development in the evolution of biorelevant dissolution media is the use of diluted phosphate buffers as a surrogate for the bicarbonate buffer (5, 6) .
Developing buffered systems that simulate biological fluids is an active area of research in several biomedical areas (7, 8) . These buffers share many of the challenges encountered with buffers used for in vitro dissolution testing including requirements for ionic strength, buffer capacity, pH control, biological relevancy, and avoidance of incompatibilities. These simulated biological fluids exhibit the following general characteristics: (1) the buffer capacity reflects the function at a biological site, such as the eye; (2) even at relatively low concentrations, the buffer contributes significantly to the physicochemical properties of the simulated biological fluid; and (3) sodium chloride and other salts contribute substantially to the ionic strength of the simulated biological fluid.
A brief outline of buffer definitions and terminology will be provided as a preface to a review of these characteristics.
Buffer Definitions and Terminology
For buffers with a single ionization or well-separated pKa values, the following definitions and terminology, according to Ellis et al. (18) , follow for the dissociation of a weak acid, HA z+1 :
where z is the charge on the conjugate base, A z . The thermodynamic dissociation constant, Ka, is given by: 
A commonly used definition of the apparent dissociation constant, Ka', is given by the following expression (18) (18) , are useful to calculate I and are found in Table 1 . 
Discussion of Characteristics Potentially Useful in Selecting Buffers for Biorelevant Dissolution Media

Relationship Between the Target Dissolution Media pH And Buffer pKa
For a buffer to have sufficient buffer capacity to be effective, its pH must be within a range of pKa buffer ± 1 or preferably within pKa buffer ± 0.5 (20) . Using a criterion of pKa buffer ± 0.5 assures that the effectiveness of the buffer will not be less than 73% of the maximum buffer capacity for a specified buffer concentration. Thermodynamic pKa data (I = 0) are available for buffers commonly used in biorelevant dissolution media (see Table 2 ) (21-32); however, these values do not reflect the electrolyte environment where buffer concentration is relatively low and salts, such as sodium chloride, contribute significantly to the ionic strength of the media. For example, the thermodynamic pKa 2 for a phosphate buffer system at 37 °C is 7.181 (Table 2 ) (21-32) while pKa 2 ' is 6.75 at 37 °C under conditions where the buffer concentration is low and sodium chloride contributes significantly to the ionic strength of the buffer solution (33) . Selecting a pKa' value measured at a temperature close to test conditions is another factor because pKa-temperature dependence for buffers such as TRIS may be significant (34) .
The pH required for simulated biological fluids ranges from 1.6 for fasting simulated gastric fluid to 7.7 for simulated semen (3, 9) . The pH of the distal colon of fed healthy adults is reported to be approximately 8.1 (35) . Table 3 provides pKa' data for buffers relative to this target pH range (3, 9, 16, 17, 25, 34, (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . The buffers listed first are those included in the formulations for the simulated biological fluids provided in Marques et al (3) and Klein (9) . Buffers listed second under "Buffers for Biological Research" heading are those described by Good et al. (16, 17) that were developed with specific biocompatibility criteria in mind and are potentially useful for buffered dissolution media for liposomal drug formulations as described by Xu et al. (48) .
The pKa' values in Table 3 differ significantly from the thermodynamic pKa values in Table 2 , suggesting that thermodynamic values are potentially less useful in selecting a buffer to meet the target pH for biorelevant dissolution media. The data in Table 3 also show that buffers currently used in simulated biological fluids adequately cover the pH range from 1.2 to 8.4 while the zwitterionic buffers developed for biological research supplement the current buffer library in the pH range of 5.5-8.3. The zwitterionic buffer 2-(N-morpholino) ethanesulfonic acid (MES) is currently being used for in vitro dissolution testing of liposomes (48) . Not all pKa' data in Table 3 
Sufficient Buffer Capacity to Maintain pH Control Throughout the Dissolution Test
Buffer capacity, β, as defined by Van Slyke (50), provides a relationship between the total buffer concentration, C b , and the pH and pKa of the buffer. The maximum buffer capacity, β max , occurs when buffer pH = buffer pKa:
For a specific buffer concentration, C b , the buffer capacity can be expressed as a percentage of the maximum buffer capacity for units of pH = pKa ± pH. The data in Table 4 exemplify this relationship (20) . Based on Equation 9 , there are two approaches to maximizing buffer capacity: (1) increasing total buffer concentration and (2) selecting a buffer where buffer pH = buffer pKa.
While a calculated value for the intrinsic buffer capacity of the buffer is a useful parameter, it does not reflect buffer pH and buffer capacity of the simulated biological fluid where sugars (51), salts (52) , and other ingredients that affect pH and buffer capacity are present in the formula. Of ultimate importance is whether the buffer capacity of the simulated biological fluid is sufficient to withstand changes in bulk pH related to the solubility of the drug substance and any pH effect from the dosage form excipients (54, 55) . A practical method to test buffer capacity and pH control is to measure the pH of a suspension/solution of the dosage form, including drug and excipients, in a volume of simulated biological fluid that will be used for dissolution test conditions (55) .
A significant change in pH is indicative of an insufficient buffer capacity to maintain pH control during the dissolution test, which, in turn, can affect the reproducibility of the test results (2). One method of increasing buffer capacity is to increase buffer concentration; however, this approach may be inconsistent with the physicochemical properties of the simulated biological fluid. Garbacz et al. (56) reported on the use of an automated pH-stat system for monitoring and regulating the pH of bicarbonate buffers; however, the use of a pH-stat adds complexity and requires optimizing additional experimental parameters (57).
Based on this literature review, pH control is potentially a challenge for biorelevant dissolution media having relatively low buffer capacity (6), and approaches for pH control are needed that are consistent with the physicochemical properties of the simulated biological fluid, do not contribute to changes in dissolution test conditions that affect test results, and do not add complexity to dissolution test conditions.
Buffer Contribution to the Ionic Strength of the Dissolution Media and Buffer pKa Dependence on Temperature and Ionic Strength
As noted by Ellis et al. (18) , both ionic strength and temperature modify buffer pKa. The correction of the thermodynamic pKa I = 0 for both ionic strength and temperature has been expressed by Beynon et al. (58) as: pKa' = pKa I = 0 + Ionic Strength Correction + Temperature Correction (11) where each correction term may be positive, negative or zero. The effect of each correction term is discussed in the following sections.
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Ionic strength affects the diffusional process for drug dissolution (49) as well as sensitivity to changes in buffer pH due to dilution effects and the effects of adding salts (52) . Additionally, ionic strength is interrelated with the solubility of other dissolved solutes including the drug substance (59).
The ionic strength of the buffer is dependent on the pH of the solution relative to the pKa of the buffer, the charge on the buffer species, and buffer concentration. Table 5 shows the ionic strength for various buffers at a constant total molar concentration of 50 mM and where the concentration of each buffer species is 25 mM. An analysis of these data shows that ionic strength for each buffer varies over the useful buffer pH range of pH = pKa ± 1, the greatest buffer-related contribution to ionic strength is by the phosphate buffer where the ionic strength at pH = pKa is greater than the total molar concentration of the buffer by a factor of two Svensson (62) discussed a classification of buffers known as isoelectric buffers, with histidyl-glycine being an example. These buffers have negligible ionic strength at their isoionic point, pI, while having finite buffer capacity if they meet the criterion that (pI -pK a1 ) < 1.5 (63) .
The ionic strength of the buffer affects the buffer pKa' via the following relationship (18): 
where pKa I = 0 is the thermodynamic pKa at a specified temperature and A is a temperature-dependent constant that is close to 0. Two other factors involving ionic strength affect the pH of biorelevant dissolution media. The first factor is related to diluting stock solutions of buffer to a lower biorelevant concentration and the second factor is related to the addition of salts to adjust the osmotic pressure of the buffered media. First, an example showing the effect of dilution: 50 mM phosphate buffer, initial pH 6.772, increases to pH 7.018 when diluted to 5 mM at 25 °C (28) . Therefore, the pH of USP 50 mM phosphate buffer can be expected to change when diluted for use as a surrogate buffer (6) . And second, an example showing the effect of adding a neutral salt to a phosphate buffer: a 50 mM phosphate buffer, I = 0.1, when changed to I = 0.2 by the addition of sodium chloride, results in a change in pH of -0.88 pH units (52) . Both the dilution and salt addition effects are primarily related to ionic strength (52) and
can be minimized by fixing the total ionic strength at a constant and biologically relevant level, such as isotonic conditions, with a salt.
Ellis et al. (18) provide a temperature-pKa correction via the following relationship:
pKa RT = pKa T + (RT -T)DT (13) where RT is the required temperature, T is the temperature at which the measurement is made, and DT is the change in pKa per degree change in temperature, dpKa/dT.
Values for dpKa/dT for the buffers in Table 3 are given in Table 2 . These values were calculated using the van't Hoff Equation (32) A comprehensive listing of enthalpy of ionization and other thermodynamic quantities for the ionization reaction of buffers is available in Goldberg et al. (21) . An analysis of these data show that the rank order of temperature dependence by buffer grouping is:
(TRIS) > zwitterionic buffers > phosphate buffer > carboxylic acid buffers.
The pKa of carboxylic acid buffers is nearly invariant with temperature. By comparison, the pKa for TRIS buffers is more temperature sensitive than the acetate buffer by approximately two orders of magnitude.
A review of the literature points to physicochemical considerations related to the selection of a buffer. Buffers with an uncharged species will minimize buffer contribution to ionic strength across the useful buffer pH range; primary amine buffers, such as TRIS, have a significant change in pKa with a change in temperature while carboxylic acid buffers have a negligible pKatemperature dependence; and buffers are susceptible to pH change due to dilution and the effect of added salts primarily because of ionic strength effect.
Compatibility Between the Buffer and Other Components in the Biorelevant Dissolution Media
Compatibility is an important buffer characteristic made more complex because of the diversity of ingredients in dissolution media including salts of divalent cations, sugars, bovine serum albumin, enzymes, and surfactants. Table 6 lists the buffer ingredient, the potential incompatibility or interaction with other components of the biorelevant buffer, and the literature evaluation (4, 13-15, 58, 67-70) .
The literature points to the compatibility of zwitterionic buffers with metal ions and to potential incompatibilities between polyvalent cations with phosphate and citrate buffers.
Low Absorbance Spectra in UV and Visible Regions
Zwitterionic buffers were designed to not absorb light in the visible or ultraviolet region of the spectrum. Good et al. (16) 
Buffer Effect on Drug Solubility
The buffer may affect drug solubility from pH-solubility relationships (1), common ion effect (73) , and buffer concentration/ionic strength effects (59) . Additionally, other ingredients in the bioequivalent dissolution media, such as surface-active agents and bile salts, may affect drug solubility. Any influence that the buffer or bioequivalent dissolution media has on drug solubility will be reflected in the dissolution rate as shown by Equation 14:
where C t is the concentration of dissolved drug at time t, C sat is the concentration of a saturated solution of the drug at a specified temperature and k is a constant (74) . Therefore, C sat , the equilibrium solubility at a specified temperature, is an important parameter needed to estimate the effect of the buffer and the dissolution media on drug solubility and dissolution rate.
In summary, Dressman et al. (75) emphasize the equilibrium solubility of the drug in biorelevant dissolution media is dependent on the properties of the media, and AUGUST 2017 
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aqueous solubility is not predictive of the solubility in these simulated fluids. This statement applies to the need to determine drug solubility in buffered bioequivalent dissolution media when evaluating experimental conditions for dissolution testing.
Nonreactivity with Atmospheric Gases
According to Perrin et al. (20) , a difficulty related to using bicarbonate/CO 2 buffers is the need to use a closed system to maintain pH control. Persat et al. (76) point to a problem with weak base buffers such as TRIS where the pH of a diluted buffer can be affected by dissolved CO 2 . Persat et al. (76) also note that CO 2 can react with uncharged primary and secondary amine components of buffers to form carbamate ions. The extent to which carbamate ions affect the dissolution process is unknown.
Safety and Toxicity
All buffers listed in Tables 2 and 3 are available commercially with material data safety sheets. Several reagents used to prepare the buffers listed in Tables 2  and 3 
A Note on Reporting Buffers
The protocol for reporting the buffer component of the dissolution media varies as evidenced by the following reporting formats: (1) Pfannkoch (81) comments on the importance of having completely documented information to be able to reproduce the buffer including the grade of water used, the pH of the starting water source, and whether the pH adjustment was done before or after the solution was brought to final volume. Persat et al. (76) recommend reporting the following items: (1) the temperature at which the pH was measured, (2) the pH after dilution if the buffer was prepared from a stock solution, and (3) the manufacturer and model of the pH meter. When reporting pKa values, Prankerd (82) notes the importance of data reliability and reviews the system used by the International Union of Pure and Applied Chemistry. This system describes pKa values as being "very reliable" (pKa error < ±0.005); "reliable" (pKa error ±0.005 to ±0.02); "approximate" (pKa error ±0.02 to ±0.04); and "uncertain" (pKa error > ±0.04).
The USP format (4) provides a standardized protocol that includes the chemical composition, concentration of each buffer species, and pH; the chemical composition and concentration of other buffer reagents such as salts; the method of preparation so that the final concentration of each reagent is known; and water-related specifications. USP <791> also provides information about calibration and operation of the pH measurement system.
CONCLUSIONS
This literature review confirms that buffers play a central role in pH control and that pH stability is particularly important to dissolution test conditions because it affects data reproducibility and interpretation. The literature points to several practical considerations related to buffer selection, which are summarized as follows:
1. Maintaining pH stability due to low buffer capacity and potential compatibility problems between the buffer and reagents in the simulated biological fluid are among the challenges that can be identified for buffers used with biorelevant dissolution media. 2. Attributes for selecting buffer components for biorelevant dissolution media, like those originally outlined by Good et al. (16, 17) , may prove useful in selecting a buffer for a dissolution-related application. 3. Buffer-related ionic strength effects can be minimized by selecting a buffer where one of the buffer species has a zero charge, such as acetic acid or a zwitterionic buffer. 4. Buffers containing a primary amine, such as TRIS, can interact with reducing sugars in biorelevant dissolution media. 5. Phosphate, citrate, and TRIS buffers can interact with polyvalent cations to form insoluble precipitates. 6. Buffer pKa-temperature effects can be minimized by avoiding primary amine buffers, such as TRIS. 7. Zwitterionic buffers like MES, MOPS, HEPPS, and HEPES have been characterized as having negligible reactivity with metals. 8. Except for maleic acid, other buffers commonly used in dissolution media have low absorbance in the UV and visible region of the spectrum. 9. TRIS may interact with bicarbonate/CO 2 buffer systems.
